Nanofluids, i.e., colloidal dispersions of nanoparticles in a base liquid (solvent), have received considerable attention in the last years due to their potential applications. One attractive feature of these systems is that their thermal conductivity can exceed the corresponding values of the base fluid and of the fluid with large particles of the same chemical composition. However, there is a lack of agreement between published results and the suggested mechanisms which explain the thermal conductivity enhancement. Here we show the possibilities of the inverse photopyroelectric method for the determination of the effective thermal effusivity of the system constituted by small ZnO nanoparticles dispersed in dimethyl sulfoxide, as a function of the nanoparticles volumetric fraction. Using a phenomenological model we estimated the thermal conductivity of these colloidal samples without observing any significant enhancement of this parameter above effective medium predictions.
Introduction
The effect of nano-sized particles on the effective thermal conductivity of liquids has recently attracted considerable experimental and theoretical interest 1 because this parameter can exceed the value corresponding to the solvent itself and the values of the fluids with larger particles of the same chemical composition.
The reported enhancement of the thermal conductivity of the nanofluids sometimes surpasses the values predicted by already known theories. 2 The majority of the published works have reported measurements of the (effective) thermal conductivity of nanofluids using the transient hot wire method (THW), one of the best established techniques for the determination of this parameter in liquid samples. 3 However, there are various factors that affect the reliability of such results causing disagreement among several reports. 4 These factors include terminal effects and the finite radius of the wire, the finite volume of the fluid, among others. Such factors are deviations from the theoretical model used for experimental data analysis and processing. Further disadvantages arise from the necessity of coating the wire when electrical conducting samples are investigated. 5 Hyperbolic heat transfer might have been the cause of the anomalous heat transfer enhancement experimentally obtained by means of this method, as discussed by Vadasz and coworkers. 6 In the particular case of metallic nanoparticles (non-diamagnetic) colloidal dispersions, it is possible that magnetic fields induced by the flow of current across the heating wire and convection effects can cause the appearance of vortices in the fluid, among other undesirable effects. Furthermore, taking into account the facts that each nanofluid has unique characteristics, and that there is not an appropriate thermal conductivity model, one can conclude that the reliable experimental measurement of thermal conductivity is today an experimental target, along with the development of methods for the measurement of other physical properties that can help in the modeling of the involved heat transfer mechanisms. Photothermal (PT) techniques, 7 in particular the inverse photopyroelectric (iPPE) method, 8 are convenient alternatives. The iPPE is an open PT method in which a pyroelectric temperature sensor accommodating the investigated sample on one of its surfaces is periodically heated by the absorption of an intensity-modulated light beam impinging on the opposite side. The electrical signal given by the sensor depends in a straightforward manner on the thermal effusivity of the sample. The measurement principle is very well known and the technique has been successfully applied in the past for the thermal characterization of different systems, including liquid samples. In the case of nanofluids, the iPPE method can offer several advantages: (i) The heating is indirect, i.e. no absorption of light by the sample takes place, avoiding thermal (Brownian) effects due to light energy absorption, as happens in the thermal lens method. 9 (ii) The low amplitude temperature oscillations involved do not affect the thermal properties of the sample during the measurement. 10 This is the main advantage in comparison with the transient PT methods 11 and the hot wire technique, 6 where the above mentioned hyperbolic effects can be present. The interpretation of the experimental data using the hyperbolic heat diffusion equation is very complicated because it involves the relaxation times needed for the onset of a heat flux after a thermal gradient is imposed to the sample, 12, 13 which are usually unknown.
In this paper, we report the results of our iPPE measurements of thermal effusivity in the system consisting of well dispersed ZnO nanoparticles in dimethyl sulfoxide (DMSO), a base fluid. From the plots of the thermal effusivity as a function of nanoparticle volume fraction, we can determine the thermal conductivity of the samples using a phenomenological effective medium model.
Experimental

Apparatus
A typical configuration of the apparatus used is shown in Fig. 1 . The pyroelectric cell is mounted horizontally in order to hold approximately 100 mL of the liquid sample (the liquid column is approximately 1 mm thick); the cell can be filled from the top. The sensor consists of a piece of metalized pyroelectric PVDF (polyvinylidene difluoride) foil 25 mm in thickness with its backside painted with a thin layer of black ink in order to assure a good absorption of a He-Ne laser beam (632 nm, 10 mW) irradiated at the bottom surface film, after intensity modulation at 4 Hz. Under this frequency the pyroelectric foil becomes thermally thin, while the air layer between the film bottom surface and the perspex transparent plate is thermally thick, as is the liquid sample.
So, under these conditions and performing the measurements in a current (lock-in) detection mode, one can find that the ratio of the signal amplitude measured in the test sample, Is, to that measured in a reference (distilled water in our work), Ir, is given by:
where e denotes thermal effusivity and the subindexes r and s correspond to the reference and test samples, respectively. Since the thermal effusivity of the reference is known, the value for the test sample can be easily obtained from Eq. (1).
More experimental details about this measurement configuration are given elsewhere. 8 Thermal effusivity is defined as:
where k is the thermal conductivity, r the density and c the specific heat of the sample. The product:
is the specific heat capacity or heat capacity per unit volume (not to be confused with the molar heat capacity). These thermal properties can be also combined to find the thermal diffusivity value:
Then, knowing two of the four thermal parameters (k, C, a and e) allows the calculation of the other two by means of the above definitions. Now, let us denote enf and ebf as the thermal effusivities of the nanofluid and the base fluid, respectively. Using Eq. (1) we can write for their ratio:
In what follows we describe our preliminary results. The studied samples were ZnO-DMSO colloidal dispersions of different concentrations.
Sample preparation
Zinc acetate dihydrate, Zn(OAc)2·2H2O, (99.9%, Baker), was used in its commercial form without further purification. DMSO (ACS, Sigma) was used as received. Ultrapure water (18 MW cm -1 ) was obtained from a Barnstead E-pure deionization system.
Synthesis procedure
The synthesis of colloidal ZnO by the spontaneous hydrolysis of a zinc carboxylate salt in DMSO requires 0.0022 g of Zn(OAc)2·2H2O, which was dissolved in 50 mL of the DMSO-H2O mixture, and a fixed 3% of water by volume (1.5 mL) was added to the corresponding anhydrous solvent (48.5 mL) in an Erlenmeyer flask, before adding the carboxylate salt to get a final concentration of 2 ¥ 10 -4 M. All glassware was cleaned with moderately concentrated nitric acid, then washed with Alconox detergent and rinsed with plenty of ultrapure water.
DMSO is a polar, aprotic and organic solvent. It is necessary to control the concentration of water, since the hydrolysis reaction rate depends on this parameter. DMSO is miscible with water in all proportions. In this case, the water concentration was fixed at 3% by volume. This concentration guarantees complete zinc salt hydrolysis for the following reasons. (i) The surface tension of the DMSO-H2O mixtures increases with water content, generating a higher equilibrium water concentration at the gas-liquid interface. This tends to minimize the water absorption from the environment. Therefore, synthesis reproducibility is assured. (ii) For this concentration, the basic character of this mixture remains very close to that of the DMSO basicity. The basic properties of this reaction medium play a crucial role in the present synthesis procedure because they are the cornerstone in the hydrolysis mechanism, when the medium becomes the main source of hydroxyl anions. More details about this procedure and about the sample characteristics were published elsewhere. 14 To monitor the ZnO nanoparticle synthesis reaction, we obtained UV-vis absorption spectra on an Ocean Optics CHEM2000 fiber optic spectrophotometer coupled to a HewlettPackard Peltier thermocontrol system.
High-resolution transmission electron microphotographs (HR-TEM) were obtained using a JEOL 4000-EX instrument, operating at 400 kV, by depositing a drop of the colloidal DMSO dispersion onto 200 mesh Cu grids coated with a carbon/collodion layer. The particle size distribution was obtained from digitalized amplified micrographs by averaging the larger and smaller axis diameters measured in each particle. The resulting HR-TEM images and particle size distribution are shown in Fig. 2 .
Results and Discussion
Prior to the experiments with the nanofluids the photopyroelectric cell was calibrated using test samples of known thermal effusivity values, such as distilled water, ethanol and glycerine. Following the above described measurement methodology we have performed measurements in samples with different ZnO volume fractions of the nanoparticles respecting the whole basic fluid, namely 0.3, 1.4, 4, 8 and 14.5%. The results for the thermal effusivity ratios, r, as a function of the volumetric fraction, x, are shown in Fig. 3 . The relative percent measurement errors, as given by the quotient between the absolute measurement uncertainty and the measured parameter value, were estimated as 1%.
In order to give a preliminary physical explanation of the obtained experimental results, we have resorted to the well known Maxwell model for the effective thermal conductivity of a continuous medium containing a dispersion of spherical particles without interaction between them. Because analytical tools for modeling heat transfer phenomena at the nanoscale dimensions are very complicated due to several factors, such as the variety of concurrent heat transfer regimes, ranging from ballistic transport to diffusion (including quantum size effects); and the existence of multiple nanofluid systems, having different material compositions, sizes, concentrations and so on, the use of phenomenological approaches can be useful to give a qualitative interpretation of the physical processes responsible for heat transfer. Although each system has unique qualities, they have the common characteristic that nanofluids are all composite materials, so that their thermal conductivity can be described by the so-called effective medium theories, such as that of Maxwell. This model 15 states that the ratio, R, between the effective thermal conductivity of the nanofluid and the thermal conductivity of the base fluid is given by
where l is the ratio between the thermal conductivities of the nanoparticle and the base fluid. If Cnp and Cbf represent the specific heat capacities of the nanoparticle and the base fluid, respectively, then the effective specific heat capacity of the nanofluid is 
Substitution of Eqs. (2), (3) and (6) into (5) leads to:
The solid curve in Fig. 3 is the best fit of the experimental data to the above described model. In performing the fit, we have taken l and Cnp as adjustable parameters, obtaining the values 95.8 ± 0.7 and 8.6 ± 0.1 J cm -3 K -1 , respectively. These values are closer to those expected for the ZnO-DMSO system. In effect, the values of thermal conductivity for the majority of solid materials exceed those of most liquids by about two orders of magnitude, in agreement with the result obtained for l. On the other hand, the small increase in the specific heat capacity of the dispersed nanoparticles with respect to the corresponding value for bulk ZnO 16 can be due to the reduced dimensions. We have used Cbf = 2.00 ± 0.03 J cm -3 K -1 for the specific heat capacity of DMSO. 17 From our measured value of ebf = (0.033 ± 0.001)¥ 10 -3 J cm -3 K -1 s -1/2 (the same value was obtained for both, DMSO and DMSO + 3% water using nanopure water as a reference sample), we can obtain using Eq. (5) the values of enf for the different concentrations. Using the values of Cnp and Cbf we have also calculated the specific heat capacities of the nanofluids using Eq. (7). Taking into account the measured densities (1.09683 g/cm 3 for all samples), we determined the specific heat by Eq. (3). Then, with the obtained l value, Eqs. (6) and (4) allow us to determine the thermal conductivities and diffusivities, respectively. In this way we can perform the complete thermal characterization of the studied system.
One can see, as the main result, that the behavior of thermal conductivity is similar to that observed for similar systems, 1, 5, 18 showing a value of approximately 1.5 times with respect to that of the base fluid value 15 (kbf = 0.1653 ¥ 10 -2 W/cm K -1
) for a sample with a high concentration of nanoparticles, as shown in Fig. 4 (14%) .
Recently Hong et al. 19 reported the first measurements of thermal conductivity of ZnO nanofluids. Using a transient hot wire method, and for volume fractions of 1% in water, these researchers obtained enhancement ratios with respect to that of pure water ranging from 1.8 to 4.9% for nanoparticle sizes between 10 and 60 nm. Using a laser particle fragmentation method they demonstrate that thermal conductivity decreases with the mean size of the nanoparticles. If one takes into account these results and the fact that our measured value is about 2% for the same volume fraction of 1% (see Fig. 4 ) and for 2 nm size nanoparticles (see Fig. 2 and Ref. 14) in DMSO, our results can be considered adequate. The solid line in the plot represents the best linear fit of the data showing the results expected from the Maxwell model for low volume fractions, x << 1, and high values of the relative conductivities, l >> 1. In this case Eq. (6) leads to
with a = 1 and b = 3. From the best fit we have obtained a = 0.993 ± 0.005 and b = 3.36 ± 0.06. The standard deviation for the expected b value can be attributed to the fact that the particles may have a shape other than spherical (in fact, they are hexagonal nanocrystallites, wurzite phase) 14 as stated by Parott and Stuckes. 20 According to these and other authors, [21] [22] [23] [24] for porous solid materials b can be considered as a structural value for which various values can be found experimentally. The same should be true for other kind of composite materials such as nanofluids.
Our measurements also show that among the measured thermophysical parameters thermal diffusivity is not sensitive to changes in the ZnO volume fraction in the measured range, i.e., the effects of the nanoparticles concentration on the thermal diffusivity are negligible. /s. The following phenomenological explanation can be given for this behavior. It is well known that thermal time constants characterizing heat transfer rates strongly depend on particle size and on its thermal diffusivity. One can assume that for spherical particles of radius L, these times scale proportional to L 2 /a. 25, 26 Thus, for unvarying particle dimensions, as in our case, the only way to keep the time constant fixed is through the constancy of the anf value. As the specific (per unit volume) heat capacity and the thermal conductivity come into play through the thermal diffusivity definition (Eq. (4)), one can also explain the variation of both parameters obtained in this work.
In summary, the results presented above indicate that photothermal techniques, in particular the inverse photopyroelectric one, are good candidates to perform the thermal characterization of nanofluids. Compared with other techniques, the method used in this paper has an advantage insofar as it allows complete thermal characterization of the sample, i.e., one can obtain the values of the thermal parameters characterizing heat flux, using one and the same experimental set-up and aided by a phenomenological effective medium theory, the Maxwell model in our case.
Our results show that there is no significant enhancement in the thermal conductivity of ZnO-DMSO nanofluids above effective medium predictions. This is an important result confirming some previous reports in oxide particles based nanofluid systems. (9)).
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